It has long been known that N-acylethanolamine phospholipids [N-acylphosphatidylethanolamine (N-acyl PE)] and N-acylethanolamines (NAEs) accumulate in mammalian tissues undergoing degenerative membrane changes associated with necrosis. Here we studied the effects of stress factors (UVB irradiation and serum deprivation) on the endogenous levels of N-acyl PE and NAE in mouse epidermal JB6 P + cells. We found that 16 : 0, 18 : 0, 18 : 1,nk9 and 18 : 1,nk7 are the predominant amide-linked fatty acids in both N-acyl PE and NAE in these cells. UVB irradiation and serum deprivation resulted in significantly increased levels of N-acyl PE and NAE, especially 18 : 1,nk9 N-acyl PE and NAE. UVB challenge increased the cellular
INTRODUCTION
It is now well established that long-chain N-acylethanolamines (NAEs) and their precursors, N-acylethanolamine phospholipids [N-acylphosphatidylethanolamine (N-acyl PE)], can accumulate in mammalian tissues as the result of injury (reviewed in [1] ). Under conditions of necrosis, such as in myocardial infarction where extensive membrane degradation occurs, this accumulation can be massive [2, 3] . However, pronounced increases in these lipids are also seen in post-decapitative cerebral ischaemia [4] , glutamate-induced neuronal cytotoxicity [5, 6] and cadmiuminduced testicular inflammation [7] . In fact, maintenance post mortem of various mammalian tissues, especially brain [8] , can lead to the generation and accumulation of both NAE and Nacyl PE.
Because both N-acyl PE [9] [10] [11] and NAE [12] exhibit membrane-stabilizing effects in itro, and NAE was shown to inhibit the injury-induced mitochondrial permeability transition [13] , the ' transacylation\phosphodiesterase pathway ' leading to the formation of N-acyl PE and NAE [14] [15] [16] was proposed to represent a sequence of reactions designed to minimize injury and promote cell survival [1] . This concept was supported by the observation that 16 : 0 NAE actually protected cerebellar granule neurons against glutamate-induced excitotoxic death [17] . However, the levels of N-acyl PE and NAE in intact cells and tissues are extremely low and, hence, it is difficult to interpret their function in terms of their physical interaction with biological membranes.
With the discovery of ' anandamide ' (N-arachidonoylethanolamine ; 20 : 4,nk6 NAE) as a potential endogenous cannabinoid-receptor agonist [18, 19] , NAE production and Abbreviations used : NAE, N-acylethanolamine ; N-acyl PE, N-acylphosphatidylethanolamine (natural N-acyl PE may consist of diacyl-as well as alkylacyl-and alk-1-enylacylglycerol subclasses) ; EMEM, Eagle's minimal essential medium ; FBS, fetal bovine serum. 1 On leave from the Institute of Marine Biology, Vladivostok, Russia. 2 To whom correspondence should be addressed (e-mail hoschmid!smig.net).
content of anandamide (20 : 4,nk6 NAE), but this increase was the lowest of all NAEs measured. Serum deprivation resulted in a decreased cellular anandamide level, as well as a decrease in 20 : 4,nk6 N-acyl PE. Interestingly, the replacement of serumfree medium with medium containing 5 % (v\v) fetal calf serum after 36 h of serum deprivation restored N-acyl PE and NAE levels almost completely within 4-8 h. These data suggest the involvement of N-acyl PE and NAE in cellular responses to stress.
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degradation became of great interest in terms of receptormediated signal transduction, especially when it was shown [20] [21] [22] that the transacylation\phosphodiesterase pathway may be involved in anandamide biosynthesis (reviewed in [23] ). However, this reaction sequence begins with a Ca# + -dependent energy-independent transacylation of O-acyl groups from the sn-1 position of various glycerophospholipids to the amino group of PE [14] , followed by phosphodiesterase cleavage of N-acyl PE to NAE and phosphatidic acid catalysed by a membrane-bound phospholipase D [16] . Because arachidonic acid and other polyunsaturated fatty acids are esterified primarily at the sn-2 position of glycerophospholipids, and because neither the transacylase nor the phospholipase D appear to exhibit any substrate specificity with respect to O-acyl-or N-acyl-linked fatty acids, anandamide and other polyunsaturated NAEs usually represent only a very small proportion of total NAE [8, 21, 22, 24, 25] . Saturated, together with mono-and di-unsaturated, NAEs not only represent the overwhelming majority of cellular NAEs, but they are ubiquitous constituents of mammalian cells and tissues. Since they do not bind to and activate cannabinoid receptors [23] , it is of great interest to determine whether or not their intracellular levels are regulated and whether they mediate cellular signalling.
In order to address these questions, we have chosen cultured mouse epidermal JB6 P + cells as a model. These cells are well characterized in terms of their cellular signalling machinery. They can be subjected to neoplastic transformation, and they have served as models for the study of responses to various stress conditions, including UV irradiation [26] [27] [28] . Exposure of these and other mammalian cells to UV irradiation not only causes DNA damage, resulting in either cell death or somatic mutation, but also induces specific cellular reactions, such as transcriptional activation of AP-1 (activator protein-1) and NF-κB (nuclear factor-κB) [29] [30] [31] .
Here we report for the first time that the levels of N-acyl PE and NAE in intact viable cells respond to stress and may be subject to regulation as part of an intracellular signalling system.
MATERIALS AND METHODS

Reagents
Eagle's minimal essential medium (EMEM) was from Life Technologies Inc. Fetal bovine serum (FBS) was from BioWhittaker, Life Technologies Inc. and Gemini Bio-products Inc. N-Heptadecanoyl PE and deuterated (#H % ) derivatives of 16 : 0, 18 : 0, 18 : 1,nk9, 18 : 2,nk6 and 20 : 4,nk6 NAE were prepared as described previously [8, 24] . Cell culture
Mouse epidermal JB6 P + cells were cultured in EMEM containing 5 % (v\v) FBS, 2 mM -glutamine and 50 µg of gentamicin\ml. Cells were grown to complete confluence at 37 mC in a humidified 5 % CO # atmosphere, then trypsinized and seeded at 2i10' cells per 10 cm Petri dish. After the cells had reached 95 % confluence, the medium was replaced with EMEM not containing FBS (serum deprivation experiments) and cells were starved for up to 48 h. For the UVB irradiation experiments, the medium was replaced with medium containing 0.1 % (v\v) FBS, and cells were exposed to UVB light (290-320 nm ; 4 kJ\m# ; 16 min) 1 h after medium replacement and then cultured at 37 mC in a humidified 5 % CO # atmosphere for the indicated time periods.
Lipid extraction, sample preparation and analysis
Cell lipids were extracted by the Bligh and Dyer procedure [32] after removing the media (serum deprivation experiments) or together with the media (UVB experiments). At the beginning of each extraction procedure, the internal standards (20 ng of each [#H % ]NAE ; 0.5 nmol of C "( N-acyl PE) were added to the samples. Aliquots of the final extract were taken for total lipid phosphorus assay [33] . NAEs and N-acyl PEs were isolated using silica-gel solid-phase extraction cartridges with chloroform\methanol mixtures of 49 : 1 and 4 : 1 (v\v) respectively. N-Acyl PE samples were digested with phospholipase D (from Streptomyces chromofuscus) [34] and the resulting NAEs were separated by solidphase extraction chromatography. NAE samples were converted into t-butyldimethysilyl derivatives and analysed by GC-MS in selected ion monitoring mode as described [24] .
RESULTS
N-Acyl PE and NAE are present in JB6 P + cells
As expected, JB6 P + cells were found to contain low levels of Nacyl PE and NAE, the N-acyl compositions of which are listed in Table 1 . Both total levels and N-acyl compositions of N-acyl PE and NAE were reproducible among different cell preparations. N-Acyl PE represented less than 0.02 % of total phospholipids, and its level was about 3-fold higher than that of NAE. In each case, amide-linked arachidonic acid was a minor component, amounting to 0.9 % of all amide-linked fatty acids in N-acyl PE and 4.5 % of those in NAE.
Figure 3 Effects of UVB irradiation on the levels of individual NAEs in JB6 P + cells
Conditions were as described in the legend to Figure 1 . Significance of differences compared with control values at 0 h : *P 0.05, **P 0.01.
Experimentally relevant levels of N-acyl PE and NAE are present in serum-containing cell culture media
Because of the ubiquitous presence, including in rat blood plasma [35] , of the lipid amides in question and because of their low intracellular levels in JB6 P + cells, we were concerned about the presence and potential effects of N-acyl PE and NAE in serum-containing media. Indeed, analysis of commercial preparations of FBS revealed appreciable amounts of both Nacyl PE and NAE with compositions not unlike those observed in cells. Again, the majority of the amide-linked fatty acids were saturated and monounsaturated ( Table 2 ).
The data of Table 2 also show widely different amounts of Nacyl PE (90-600 pmol\ml) and NAE (30-108 pmol\ml) in different FBS preparations. We used serum from BioWhittaker in our experiments (0.5 ml per dish). Hence incubation in serumcontaining media provided about 300 pmol of N-acyl PE and 28 pmol of NAE per dish. A typical cellular content (0.3 µmol of lipid P per dish) would be 54 pmol of N-acyl PE and 17 pmol of NAE per dish (calculated from Table 1 ).
In spite of their relative abundance in the incubation media, cellular metabolism of N-acyl PE and NAE appeared to proceed independently. We observed that the levels and compositions of N-acyl PE and NAE in the various media remained unchanged during incubation of cells, and appeared to have no effect on cellular N-acyl PE and NAE levels and compositions over a 48 h period. However, prolonged incubation (48 h) of JB6 P + cells in serum-free media resulted in a measurable accumulation of Nacyl PE and NAE in the medium (see below). Also, the UVB irradiation experiments were carried out in medium containing only 0.1 % (v\v) FBS.
Exposure of JB6 P + cells to UVB irradiation results in elevated levels of N-acyl PE and NAE
When JB6 P + cells were irradiated with UVB light (4 kJ\m#) for 16 min, severe cell damage occurred, leading to cell death through an apoptotic mechanism [28] , as confirmed by DNA laddering (results not shown). There was a slight increase in NAE levels at 1 and 6 h after irradiation, and very marked increases in both total NAE (4.8-fold) and N-acyl PE (2.9-fold) after 14 h ( Figure  1 ). These increases occurred mainly among the saturated, mono-
Figure 6 Effects of serum deprivation on individual NAEs in JB6 P + cells
Conditions were as described in the legend to Figure 4 . and di-unsaturated N-acyl groups, whereas N-arachidonate (20 : 4,nk6) increased only moderately (Figures 2 and 3) . It therefore appears that, during the apoptotic process initiated by UVB irradiation, NAE accumulates via N-acyl PE through the transacylation\phosphodiesterase pathway, and that anandamide is not a major product of this reaction sequence.
Serum deprivation increases cellular NAE and N-acyl PE levels in a reversible manner
Because experimental conditions for studying alterations in the intracellular machinery triggered by UV irradiation or other agonists that initiate apoptosis require initial periods of serum deprivation, it was of interest to investigate the effects of serum deprivation itself. In fact, the data of Figure 1 show that increases in NAE and N-acyl PE levels occurred not only in UVB-exposed cells but, to some extent, in control cells as well.
In systematic studies aimed at correlating cellular N-acyl PE and NAE levels with the stress induced by serum deprivation, we observed increased levels of NAE after 12, 24 and 36 h, followed by a very sharp increase after 48 h of serum deprivation. N-Acyl PE levels decreased initially, but exhibited a sharp increase after 48 h as well ( Figure 4 ). As observed with UVB-induced stress, these increases were mostly due to saturated, as well as monoand di-unsaturated, N-acyl groups, with little change or actual decreases seen in anandamide (20 : 4,nk6 NAE) and the corresponding N-acyl PE (Figures 5-7) .
Perhaps most importantly, the changes in NAE and N-acyl PE levels induced by 36 h of serum deprivation were fully reversible on continued incubation of the cells in medium supplemented with 5 % (v\v) fetal calf serum, and the sharp rise in the levels of both NAE and N-acyl PE seen after 48 h of serum deprivation was completely prevented when serum was added after 36 h (Figures 4-7) . Again, anandamide (20 : 4,nk6 NAE) appeared to respond differently from the saturated and monounsaturated NAEs.
Serum-deprived cells release NAE and N-acyl PE into the media
When both cells and media were analysed after prolonged incubation under serum-free conditions, we observed increased levels of N-acyl PE and NAE not only in the cells but in the media as well (Table 3) . At this time, the reason for and the Table 3 Release of N-acyl PE and NAE from JB6 P + cells into the serum-free medium during starvation Cells were grown in EMEM containing 5 % (v/v) FBS up to 95 % confluence. Then the medium was replaced with serum-free medium and cells were starved for up to 48 h. Samples of medium were removed at 24 and 48 h and centrifuged at 1500 g for 10 min, and lipids were extracted from cells and from 7.5 ml aliquots of medium [32] , and processed as described in the Materials and methods section. N.D., not detected. mechanism of N-acyl PE and NAE release into the medium remain unclear.
DISCUSSION
We have shown here that cultured JB6 P + cells respond to UVB irradiation and serum deprivation with the production of increased levels of NAE and its precursor, N-acyl PE. In the case of serum deprivation this phenomenon is fully reversible. The JB6 P + cells used in our experiments are sensitive to tumour promoters and have therefore been used extensively for the study of neoplastic transformation induced by UVB irradiation or treatment with other agonists [36, 37] . They are also known to undergo apoptosis as a result of UVB irradiation and prolonged serum deprivation [38] . Because our assay method is based on the use of deuterated internal standards, it is well suited for comparisons between the major cannabinoid-receptor agonist anandamide (20 : 4,nk6 NAE) and the receptor-inactive saturated, as well as mono-and di-unsaturated, NAEs. Even though other polyunsaturated NAEs may be present in trace amounts [39] , they would not be assayed by our method due to the absence of internal standards. However, our data show clearly that both anandamide and its precursor, N-arachidonoyl PE, respond differently from the other NAEs to UVB-induced stress (Figures 1-3 ) and starvation (Figures 4-7) . Because the major changes in NAE levels are seen in the saturated and monounsaturated NAEs and not in anandamide (20 : 4,nk6 NAE), a trace NAE constituent, cannabinoid-receptor signalling is most probably not involved. Whether or not NAE-mediated signalling is involved in injuryinduced apoptosis will require further work. However, our present results suggest that this may be the case. Interestingly, anandamide was shown to act as a growth factor in haematopoietic cells [40, 41] , but does so via a cannabinoid-receptor-independent pathway [41] . If anandamide can elicit biological effects with-out activating cannabinoid receptors, the receptor-inactive saturated\monounsaturated NAEs could potentially elicit similar effects.
It is also interesting to note that NAE has structural similarity to ceramide and could therefore have analogous signalling effects, either directly by interacting with the molecular targets of ceramide or indirectly by interacting with ceramide signalling pathways [42] . In fact, N-oleoylethanolamine (18 : 1,nk9 NAE) has long been known as a potent inhibitor of ceramidase [43] , and more recently it was shown to inhibit glucosylation of ceramides in neuroepithelioma cells [44] . Hence NAE generation could result in higher ceramide levels. In our experiments UVB irradiation, which is known to induce apoptosis through ceramide-mediated signalling [45] , had the greatest effect on the production of 18 : 1,nk9 NAE. Finally, UVB irradiation also plays a role as a tumour initiator and promoter [46, 47] , and this activity may also be ceramide-mediated [48] .
Based on the widely accepted role of ceramides as mediators of intracellular signalling, we propose that the stress-induced production of NAEs reported here may signify the presence of additional signalling pathways. Work on the identification of the potential targets and cellular effects of NAE-mediated signals is currently under way in our laboratory.
